In order to develop an self-cured acrylic resin having an antibacterial property, three types of commercially available inorganic antibacterial agents were added, at 1% each, to UNIFAST III to evaluate the antibacterial property. The antibacterial test evaluated the amount of Streptococcus mutans attached to UNIFAST III, the residual viable count of Streptococcus mutans cultured on UNIFAST III. And the color tone changes evaluated immediate and temporal color tone changes of UNIFAST III caused by the addition of antibacterial agents. As a result, compared to UNIFAST III without any added inorganic antibacterial agent, a significant decrease was observed in the attachment amount and the residual viable count of Streptococcus mutans. In addition, when adding NOVARON from among the added inorganic antibacterial agents, UNIFAST III exhibited little change in the temporal color tone. Thus, these results suggest that the addition of antibacterial agents to resins is effective first step toward developing self-cured acrylic resins having an antibacterial property.
INTRODUCTION
Self-cured acrylic resins have routinely been used as materials for temporary crowns or repairing fractured dentures in dentistry. Recently, the relationship between periodontal diseases treatments or implant treatments and occlusion has been examined closely, and so in many cases, temporary crowns are worn for long-term follow-up observations. In esthetic dental therapies, provisional restoration may be used to discover the most appropriate shape and color tone for the final prosthetic appliance, or follow-up observations of the improved occluding relationship may be performed for a given period of time. However, because self-cured acrylic resins have a low degree of polymerization and a high water-absorbing property, it has been empirically proven that the resins become contaminated and release a strong odor when they are mounted in the oral cavity for an extended period. From this, Murakami et al. 1) examined the attachment of periodontal disease-related bacteria to the temporary crown installed in adult patients with periodontal diseases. Periodontal disease-related bacteria were detected from the temporary crown in all cases. It was reported that the temporary crown might be one of the retention factors for periodontal disease-related bacteria, thus calling attention to the need to sterilize temporary crowns. Wendt et al. 2) reported that when adding a resin sample to a Candida albicans suspension to incubate, intrusion into the resin sample occurred within a few hours. Furthermore, Katberg 3) and Kahn et al. 4) highlighted contaminations in clinics caused by the aerial dispersal of microorganisms from the denture plaque during the grinding or preparationing of dentures. Accordingly, based on the assumption that giving a self-cured acrylic resin an antibacterial property may possibly prevent bacterial action, reduce the retention factor, and maintain a clean environment, we have decided to start developing self-cured acrylic resins having an antibacterial property. At the same time, the addition of an inorganic antibacterial agent to dental materials requires the use of a metal ion as an antibacterial agent, leading to the problem of discoloration [5] [6] [7] [8] . Consequently, we herein report that, in the present experiment, we began by selecting three types of existing inorganic antibacterial agents and examined their antibacterial properties, their residual monomer contents (wt%) and their changes in color tone after adding 1% of each self-cured acrylic resin to UNIFAST III.
MATERIALS AND METHODS
In the present experiment, UNIFAST III (GC Corp., Tokyo, Japan; hereinafter referred to as UF III) was used as the self-cured acrylic resin to be the base material.
The inorganic antibacterial agents (hereinafter referred to as antibacterial agents) of Zeomic (AW10D SINANEN ZEOMIC ® CO., Ltd., Nagoya, Japan), Bactekiller (BM-102GS Fuji chemical Industries Ltd., Osaka, Japan) and NOVARON (AG300 TOAGOSEI CO Ltd., Tokyo, Japan) were added to UF III. Table 1 describes each antibacterial agent in detail. The cariogenic bacteria Streptococcus mutans (NCTC 10449 strain; hereinafter referred to as S. mutans) was used.
In order to examine the presence of an antibacterial property in UF III treated by adding various antibacterial agents, we examined the attachment of S. mutans to UF III and measured the residual viable count of S. mutans cultured on UF III. In addition, because there was concern that these experimental results would affect the residual monomer count, we measured the residual monomer count of UF III treated by adding various antibacterial agents and examined the correlativity.
Upon manufacturing samples for each experiment, the powder-to-liquid ratio of UF III was determined to be 0.99 g/0.5 ml. For mixing, a 1% antibacterial agent was added into the monomer. After mixing this sufficiently, then the powders were added. When it increased in viscosity to a state similar to dough like stage resin, it was molded into varying sizes for each experiment. Moreover, the density of 1% was decided based on the report of Nakanoda 5) that as a result of examining the antibacterial property, significant growth inhibition was observed in the acrylic resin with a 1% addition of inorganic antibacterial agent. In all the experiments, samples without any added antibacterial agents were employed as controls. Furthermore, after manufacturing the samples, sterilization was performed using ethylene oxide gas. The details regarding each experiment are described below.
Testing the attachment of S. mutans to UF III
The dough like stage UF III was pressure-welded to a 2×2×25-mm plastic plate to mold a sample. As a preculture preparation, 5 ml of a heart fluid-medium containing 5% sucrose was poured into a test tube, and 100 µl of normal saline containing S. mutans with an adjusted turbidity of 1.0 was added therein. Incubation was performed in a thermostat bath (37°C) for 48 hours by hanging the sample in the fluid-medium with a wire 0.5 mm in diameter. After completing incubation, the sample was taken out and washed with distilled water to remove any S. mutans that was floating in the area surrounding the sample. S. mutans attached to the sample were then stained with a 0.5% crystal violet staining solution for 10 minutes, and then washed with distilled water to remove excess staining solution. Pigments of stained S. mutans were soaked in 100% ethanol for 2 minutes and extracted. The absorbance was measured by a Microplate Reader (Biorad Model 680, Bio Concierge Inc., DE, USA) (O.D. 570 nm) (n=6).
Measuring the residual viable count (Colony Formation Unit) of S. mutans cultured on UF III
The dough like stage UF III was pressure-welded within a 48-hole plate to mold the sample into a disk shape 10 mm in diameter. Next, S. mutans were placed in 50 ml of Tripticase Soy fluid-medium and incubated for 12 hours for preparation. Thereafter, 200 µl of this bacterial liquid was seeded into each sample and cultured in a thermostat bath (37°C) for 24 hours. After completing incubation, the bacterial liquid on the sample was extracted, and normal saline was added therein to increase dilution to 10 4 times the initial level. 50 µl of diluted bacterial liquid was then seeded into a Tripticase Soy agar medium plate. After 48 hours of anaerobic culturing, the residual viable count (Colony Formation Unit; hereinafter referred to as CFU) of S. mutans formed on the plate was measured (n=6).
Measuring the residual methl methacrylate monomer content (The residual methyl methacrylate monomer; hereinafter referred to as the residual monomer) content was measured by the High Performance Liquid Chromatography (PU-980 JASCO Corporation, Tokyo, Japan; HPLC) method according to JIS T6501. Namely, the dough like stage sample was packed in a stainless steel cylinder measuring 50 mm in diameter and 3.0mm in depth before being autopolymerized for 5 minutes under 300 kgf/cm 2 of pressure. After completing polymerization, the sample was stored in a dark place for 24 hours and both surfaces were evenly wet-ground using a waterproof abrasive paper with a particle size of P 600 before being ground further using a waterproof abrasive paper with a particle size of P 1200. The sample thickness was determined to be 2.0 mm. The sample was then crushed into fragments measuring approximately 5×5 mm, 650 mg of which was then placed into a volumetric flask. A prepared acetone solution with an added 0.02 g/l of hydroquinone Table 1 Details of each antibacterial agent was added to increase the total volume to 10 ml, and it was agitated magnetically for approximately 72 hours to dissolve it into the acetone solution. The resulting solution was established as the test solution. Furthermore, 0.4 ml of this test solution was poured into a volumetric flask, and methanol solution with an added 0.02 g/l of hydroquinone was added to increase the volume to 10 ml to precipitate the dissolved polymer. The supernatant 5 ml was then treated by centrifugation at 3000 rpm for 15 minutes to precipitate the dissolved polymer. The supernatant 3 ml was then extracted to measure the residual monomer content (n=5). The residual monomer content was calculated using wt%. The experiment was conducted at a constant temperature and humidity of 23±2°C and relative humidity of 50±5%. Table 2 shows the measurement conditions of HPLC.
For the statistical analysis, a multiple comparison test using the Tukey method was adopted. The assessed significance corresponding to the significance level is denoted, respectively, with significance symbols: * and ** for p<0.05 and p<0.01.
Measurement of changes in color tone
A dough-like stage-polymerized resin at room temperature was pressure-welded to a plastic plate that was 16 mm in diameter and 2 mm thick for molding into a sample. Regarding the method of representing color, the CIE LAB color system, recommended by International Commission on Illumination (CIE), was used. L*, a*, and b* represent the lightness index, the perceived color index in the transition from red to green, and the perceived color index in the transition from yellow to blue, respectively. ΔE*, which indicates temporal changes in color tone, was represented as sensory differences through conversion into National Bureau of Standards units (NBS units=ΔE*×0.92). In addition, for color tone changes of UF III caused by the addition of antibacterial agents, we used UF III without any antibacterial agent added as the control, and for temporal color tone changes caused by the addition of antibacterial agents, for each sample, we used the color tone of the sample immediately after antibacterial agents were added as the control. Table 3 shows the relationship between NBS units and sensory difference.
Observation of the color tone changes of UF III caused by the addition of antibacterial agents
The color tone of UF III immediately after the addition of various antibacterial agents at 1% and the color tone of the control were measured using a colorimeter (CR-200, Konica Minolta, Sensing Inc., Osaka, Japan), and the color tone changes thereof were represented as ΔE*. In addition, evaluations of these tones were indicated with NBS units and sensory differences (n=5).
Observation of temporal color tone changes caused by the addition of antibacterial agents
Assuming use in an oral environment, each sample underwent thermal cycling (K178, Tokyo Giken Inc., Tokyo, Japan) in which they were alternately immersed in 4°C distilled water for 30 seconds and 60°C distilled water for 30 seconds, which comprised one thermal cycle. Changes in the color tones of the samples were measured using a colorimeter after the 1,000 and 5,000 thermal cycles. ΔE* was defined as changes in color tone in each sample immediately after the addition of antibacterial agents, and this value was defined as the temporal color tone change. The evaluation was indicated with NBS units and sensory differences (n=5). Moreover, after 10,000 thermal cycles were completed, the color tone changes of each sample were visually compared. The average values of L*, a*, and b* of each sample were measured and compared with these values.
Scanning electron microscopy observation
Sample was mounted on a brass pedestal and was sputter coated with carbon. Surface of sample was Table 3 Relationship between NBS units and sensory difference observed by scanning electron microscopy (SEM) (JSM-6400 FX, JEOL Ltd., Tokyo, Japan) to examine a dispersion of 1% NOVARON in UF III with an accelerating voltage of 10 kV (×300) and 5 kV (×5,000). Figure 1 shows the results of S. mutans attachment test. In all cases, the attached amount of S. mutans to the samples treated by a 1% addition of various antibacterial agents was significantly decreased in comparison with the controls (p<0.01). In addition, there were no significant differences in the attached amount between the samples each treated by 1% additions of various antibacterial agents. Figure 2 shows the CFU results. In all cases, the CFU of the bacteria cultured on the samples with 1% additions of various antibacterial agents had decreased significantly compared to the controls (p<0.01). In addition, there were no significant differences in the CFU of S. mutans cultured on the samples with 1% additions of various antibacterial agents. Figure 3 shows the measurement results of the residual monomer content. In all cases, no significant differences were observed between the residual monomer content of the samples with 1% additions of various antibacterial agents and the residual monomer content of the controls. Regarding the residual monomer contents of the samples with additions of various Fig. 1 The results of S. mutans attachment test Fig. 2 The results of the CFU Fig. 3 The measurement results of the residual monomer content Fig. 4 Color tone changes of UF III immediately after the addition of antibacterial agents antibacterial agents, the residual monomer contents of the sample with a 1% addition of Zeomic indicated a significantly higher value than the residual monomer contents of the sample with a 1% addition of NOVARON (p<0.05).
RESULTS

S. mutans attachment test
Residual viable count of S. mutans (CFU)
Residual monomer content in various samples
Measurement of changes in color tone
Color tone changes of UF III due to the addition of various antibacterial agents In Fig. 4 , color tone changes of UF III immediately after the addition of various antibacterial agents at 1% are indicated with ΔE* relative to the control. In addition, Table 4 shows the NBS units and sensory differences of each sample. In the evaluation using NBS units, the values for the samples to which Zeomic and NOVARON had been added ranged from 1.5 to 3.0, and there were noticeable sensory differences. In addition, the samples to which Bactekiller had been added showed values of 3.0 and over, and the sensory differences were appreciable.
Temporal color tone changes of UF III caused by the addition of various antibacterial agents
In Fig. 5 , the results of the temporal color tone changes of UF III with various antibacterial agents added at 1% are indicated with ΔE*. In addition, Table 5 shows the NBS units and sensory differences of each sample. In the samples to which UF III alone, Zeomic, and Bactekiller had been added after 1,000 thermal cycles, NBS units were 3.0 or more and sensory differences were appreciable. In the samples with NOVARON added, the units ranged from 1.5 to 3.0, and sensory differences were noticeable. In all of the samples, the units reached a value of 3.0 or more and sensory differences were appreciable after 5,000 thermal cycles. Fig. 6 shows photos of each sample after the completion of 10,000 thermal cycles. It was difficult to visually identify any color differences between the sample with UF III alone and the sample with NOVARON added, but it was easy to identify color differences between the samples with Zeomic 
Scanning electron microscopy observation
In Fig. 7(a) , NOVARON, which is carrier of Ag + , was uniformly dispersed in the polymers. In Fig. 7(b) , the shape of NOVARON was clearly observed. The particle size of NOVARON was approximately 1 µm.
DISCUSSION
Recently, in our daily lives, an increasing number of our clothes, commodities, and electric home appliances have antibacterial properties. Antibacterial agents that have been developed so far are broadly classified between organic antibacterial agents and inorganic antibacterial agents. Organic antibacterial agents have raised issues such as concerns regarding alteration by processing treatments or the stability of antibacterial effects, as well as concerns regarding biologic safety such as chemical stability and skin irritancy, teratogenetic properties, and the emergence of resistant bacteria. In order to solve these problems, the application of inorganic antibacterial agents has been promoted. Many inorganic antibacterial agents are produced using Ag + 9,10) , which has long been used as an antibacterial agent for carriers such as zeolite and zirconium phosphate. When this Ag + -supported antibacterial zeolite is added to polymeric substances, it inhibits the proliferation of microorganisms on the resin surface, thus allowing for products that are highly resistant to slipperiness and darkening. Therefore, it has been applied to items as food container packages, cosmetics, medical equipment, and water purifying agents, and it is considered less toxic 11) . Two of the major diseases in dentistry are dental caries and periodontal diseases. The development of these diseases is associated with plaque formation on or under the gingival margin and bacterial-plexus [12] [13] [14] [15] [16] . Accordingly, in order to prevent or treat these diseases, it is necessary to remove the plaque. For many treatments, it is necessary to use cement materials, resin materials, and metallic materials, all of which create an environment that facilitates the formation of plaque. Therefore, various studies have been conducted in which inorganic antibacterial agents are added to these dental materials [5] [6] [7] [8] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . On the other hand, cariogenic bacteria such as S. mutans are heavily involved with the initial stages of plaque formation, producing extra cellular polysaccharide of insoluble glucan and facilitating the attachment to the tooth surface and agglutination of bacteria. In addition, enzymes and toxins secreted by some plaque-related bacteria may induce inflammatory reactions in the periodontal tissues and directly destroy these tissues. Consequently, plaque formation on the temporary crown may deteriorate the intraoral environment and increase risk factors during dental treatment.
In the present experiment, various antibacterial agents were added to 1% UF III. The attached amount of S. mutans to UF III and the CFU of S. mutans significantly decreased in comparison with the controls. This is believed to be due to Ag + in the antibacterial agent. Regarding the antibacterial action mechanisms of Ag + , there are two dominant theories. One is the ionic theory in which Ag + is absorbed in the protein on the cell membrane of bacteria, where it induces metabolic inhibition of the respiratory system and the electron transport system [32] [33] [34] [35] . Another is the free radical theory in which Ag + acts as a catalyst and generates a hydroxyl radical by using optical energy and H2O to cause sterilization 36) . In addition, it has been reported that when an antibacterial agent was added to resin material, small amounts of Ag + elution were seen 6, 7, 31) and the surface distribution of Ag + contributed to the antibacterial property 29) . Therefore, the antibacterial effects resulting from this experiment of antibacterial property are believed to have derived from these mechanisms. Namely, it is based on either the ionic theory in which Ag + elutes from the antibacterial agent in the resin, enters inside of the S. mutans, and inhibits metabolism within the bacterial body, or the free radical theory in which Ag + exposed on the resin surface acts as a catalyst and produces a hydroxyl radical.
Regarding the antibacterial property, Nakanoda et al. 5) have reported that in the antibacterial test for bacteriostasis suspended in a buffer solution, significant antiseptic properties were observed in the sample with a 2% addition of Zeomic, and that as a result of examining the antibacterial property on the sample surface in the medium, significant growth inhibition was observed in the sample with a 1% addition of Zeomic. In addition, Hotta et al. 31) have reported that when a 10% Ag-Zn zeolite-mixed light-cured composite resin was employed as a sample and an inhibition circle-formation test was performed for S. mutans by the agar plate diffusion method, the resultant bacteria growth inhibition circle was 2 to 4 mm (+ +). Regarding the resin-sealing agents, Ikeda et al. 27) have reported that when 5, 10, 15, 20, and 25% silver antibacterial agents were added to resin-sealing agents of any concentration, growth inhibition circles approximately 2 mm in size were formed for S. mutans. Kosugi et al. 26) have reported that by adding more than 10% of Zeomic to the temporary sealing materials, a clear growth inhibition circle was formed for S. mutans and S. sobrinus. It is difficult for Ag + in the resin to elute into the agar medium by the agar plate diffusion method. In order to obtain the antibacterial effects, it is necessary to add the antibacterial agent in high concentrations. In this experiment, Ag + was easily eluted into the bacterial solution. Therefore, it is also considered possible to obtain antibacterial effects through a 1% addition of an antibacterial agent.
Plaque formation on the dental materials used in the oral cavity triggers secondary dental caries, marginal periodontitis, and denture stomatitis. Therefore, a number of studies have been conducted on the relationship between various dental materials and plaque-related bacteria [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Hanning 48) examined the initial attachment of intraoral bacteria to restoration materials such as composite resin, glass ionomer cement, amalgam, gold alloy, and titanium alloy. No significant differences were observed in the attachment properties of the various materials. Hanning reported that, rather than the characteristics of the material itself, the oral environment and the pellicle are significantly involved in the formation of plaque. In addition, Yamamoto et al. 17, 21) examined the attachment property of oral streptococci to the composite resin. The results clarified that in the initial stages, S. oralis and S. sanguis showed a greater attachment than did S. mutans, and bacteria attached specifically to the filler in the composite resin. The results from the present experiment revealed that a 1% addition of antibacterial agent to UF III decreases attachment of S. mutans. This is believed to be effective for inhibiting the formation of plaque on the material surface.
Furthermore, concerning the possibility that the addition of an antibacterial agent to UF III may inhibit resin polymerization and the resultant residual monomer could perform sterilization, we measured the residual monomer content for each sample. The results showed no significant differences between the residual monomer contents of the controls and the samples with 1% additions of various antibacterial agents. However, significant differences were observed between the samples themselves. The residual monomer contents in the samples treated by adding antibacterial agents showed high values (wt%) for Zeomic, Bactekiller, and NOVARON in that order. This is believed to be due to differences in the particle size and specific gravity of each antibacterial agent. The particle size and specific gravity of Zeomic, Bactekiller, and NOVARON are (2.5 µm, 2.1), (2.0 µm, 3.0), and (0.9 µm, 3.0), respectively. The residual monomer content was high in the samples having low specific gravity and large amounts of antibacterial agent addition; that is, the Zeomic-added UF III. Furthermore, when comparing by particle size, the residual monomer content tended to be lowest in samples that were added with NOVARON, which has the smallest particle size. This is believed to be due to differences in contact area of the different added amounts of antibacterial agents and the different particle sizes, which affected the polymerization behavior of the resin. In the present experiment, the residual monomer was present in all samples. However, there were no significant differences in the residual monomer contents of the samples with additions of various antibacterial agents and the residual monomer contents of the controls. In addition, from the results of the S. mutans attachment test and culture test, the residual viable count in the resin with added antibacterial agents indicated significantly low values. Accordingly, it is believed that the addition of antibacterial agents to resins is effective in terms of developing self-cured acrylic resins having an antibacterial property.
Adding an antibacterial agent to UF III may decrease the material property, and Nakanoda et al. 5) have reported that, as a result of tensile tests and bending tests, adding Silver-Zeolite to a heat-curing resin tends to decrease the material property depending on the additive concentrations of Zeomic. Wakasa et al. 6) reported that when Zeomic is added to the selfcured acrylic resin, if the added amount is between 1% and 2%, the polymerization behavior of the resin is not inhibited. When an antibacterial agent is added, then the color tone of the dental materials changes due to the Ag + in the antibacterial agent. It was also reported that by adding such an antibacterial agent, due to the Ag + in the antibacterial agent, the color tone of the denture base resin varies. It is believed that such discoloration is due to the occurrence of metal oxides from antibacterial metal ions during an oxidationreduction reaction that occurs during a polymerization reaction, as well as the oxidation of the silver ions on the material surface 5, 8) . In this experiment, the CIE LAB color system, which is a method for representing three color parameters (L*, a*, and b*) using threedimensional uniform color spaces, was used as the method for representing color. Moreover, with this method, color differences between two samples can easily be quantitatively evaluated as a distance between two points.
Color differences can also be represented as follows: ΔL*=Ltest−Lcontrol, Δa*=atest−acontrol, and Δb* =btest−bcontrol. These discolorations can be represented as one parameter as follows: ΔE*=[(ΔL*) 2 +(Δa*) 2 +(Δb*) 2 ] 1/2 . Among the inorganic antibacterial agents that were added to polymerized resin at room temperature in this experiment, the addition of NOVARON showed the lowest degree of change in color tone. However, with NOVARON, color tone changes became significant when it was added to the resin as well as after 1,000 and 5,000 thermal cycles. In the future, it will be necessary to develop antibacterial agents that can respond to color tone changes without losing the antiadhesive and antibacterial properties by using NOVARON, which has the lowest residual monomer content and lowest degree of change in color tone, as an inorganic antibacterial agent.
CONCLUSION
By 1% additions of each inorganic antibacterial agent to UNIFAST III, the resultant amount of Streptococcus mutans attachment and the residual viable count were significantly lowered in comparison to the controls. When Zeomic, Bactekiller and NOVARON was added, the resulting residual monomer content was of the same level as the controls. In addition, for color tone changes of UNIFAST III caused by the addition of various inorganic antibacterial agents, the samples in which NOVARON had been added showed the least amount of change.
Consequently, it is believed that adding inorganic antibacterial agents to the self-cured acrylic resins is therefore an extremely effective first step toward developing self-cured acrylic resins that have an antibacterial property.
